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Available online 8 January 2014AbstractNieAl alloy coatings with different Y additions are prepared on 45# medium steel by laser cladding. The influence of Y contents on the
microstructure and properties of NieAl alloy coatings is investigated using X-ray diffraction, scanning electron microscopy, electron probe
microanalyzer, Vickers hardness tester, friction wear testing machine, and thermal analyzer. The results show that the cladding layers are mainly
composed of NiAl dendrites, and the dendrites are gradually refined with the increase in Y additions. The purification effect of Y can effectively
prevent Al2O3 oxide from forming. However, when the atomic percent of Yaddition exceeds 1.5%, the extra Yaddition will react with O to form
Y2O3 oxide, even to form Al5Y3O12 oxide, depending on the amount of Y added. The Yaddition in a range of 1.5e3.5 at.% reduces the hardness
and anti-attrition of cladding layer, but improves obviously its wear and oxidation resistances.
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In recent years, the ordered B2-NieAl intermetallic com-
pound has attracted considerable attention owing to its high
melting temperature, good oxidation resistance, high thermal
conductivity, and low density for potential high temperature
structural application [1e3]. Therefore, many researchers have
tried to use the intermetallic compound as protective coating
material, and the adopted techniques mainly include thermal
spraying, magnetron sputtering, electron-beam physical vapor
deposition, hard facing, and laser cladding, etc [4e10].
Amongst these, laser cladding, as an advanced surface modi-
fication technique, has been used to prepare the coatings with
high density and almost zero porosity content [11].E-mail address: laser@dlut.edu.cn (C.S.WANG).
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http://dx.doi.org/10.1016/j.dt.2013.12.009In the present study, the NieAl alloy coatings with
different Y additions were prepared on the 45# medium steel
(containing about 0.45 wt.% C) by laser cladding, and the
influences of Y contents on the microstructure and properties
of the NieAl alloy coatings were systematically investigated.2. Experimental procedure
45# medium steel with dimension of
20 mm  10 mm  10 mm is chosen as a substrate material.
The powders of Ni (99.99% purity,-200 mesh), Al (99.90%
purity,-200 mesh), and Y (99.99% purity,-200 mesh) are
blended using ball milling according to the chemical compo-
sitions of cladding powders listed in Table 1. The powders are
placed on the surface of the 45# steel to form a 1 mm thick
layer, and are melted using a 5 kW continuous wave CO2 laser
beam. The laser cladding is performed with 3 mm diameter
laser beam at a laser power of 3.8 kW and a scanning velocity
of 4 mm/s. Argon gas is introduced into a melt pool to prevent
the penetration of exterior oxygen during the laser cladding
process.ction and hosting by Elsevier B.V. All rights reserved.
Table 1
Chemical compositions of cladding powders (at.%).
Element Sample no.
Sample 1 Sample 2 Sample 3 Sample 4
Ni 50 49.25 48.75 48.25
Al 50 49.25 48.75 48.25
Y 0 1.5 2.5 3.5
Fig. 1. X-ray diffraction pattern of the NieAl cladding layer.
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Cu Ka radiation by means of XRD-6000 X-ray diffractometer.
The microstructure characteristics and compositions of coat-
ings are analyzed using JEOL-5600LV scanning electron mi-
croscopy (SEM) and EPMA-1720 electron probe
microanalyzer (EPMA). The Vickers hardness of coating is
measured with DMH-2LS micro-hardness tester under a load
of 0.981 N and a dwell time of 15 s. The ball-and-disk friction
and wear test of the cladding layers is carried out on CETR
UMT-2 testing machine. A bearing steel ball (GCr15) with a
diameter of 5 mm and a hardness of 55HRC is selected as
wear couple. The experiment is performed with a normal load
of 5 N, a sliding speed of 2 mm/s, and a wear time of 30 min.
Continuous variable-temperature oxidation experiment is
performed on SDT-Q600 thermal analyzer at a heating rate of
1.33 K/s and a temperature range of 150e1000 C. The
specimens (3 mm  2.5 mm  0.4 mm) for test are cut from
the laser cladding layers.Fig. 2. Cross-sectional SEM microgra3. Results and discussion3.1. MicrostructureFig. 1 shows an X-ray diffraction pattern taken from the
NieAl cladding layer. Only NieAl intermetallic compound
with the ordered cubic B2 crystal structure is indentified from
the diffraction pattern, indicating that the cladding layer
mainly consists of NiAl phase.
Fig. 2 shows a cross-sectional SEM micrograph taken from
the cladding layer. It can be found that the microstructure of
the cladding layer is featured with dendrites (Fig. 2(a)).
Further, EPMA analysis reveals that the NiAl dendrite con-
tains a small amount of Fe besides Ni and Al, and its
composition is Ni41.78Al53.75Fe4.47. This indicates that the
cladding layer is diluted by the substrate during laser cladding.
In addition, oxygen element distributed between dendrites is
also found in the cladding layer. From the EPMA area analysis
shown in Fig. 3, it can be deduced that O may react with Al to
form Al2O3 due to the higher binding energy between O and
Al. The interface region between the cladding layer and the
substrate is located at a region in which the substrate material
is re-melted and reheated and new cladding material begins to
be added. This makes the microstructure of the interface re-
gion totally different from that of the cladding layer, as shown
in Fig. 2(b). High dilution and low cooling rate result in the
formation of flat crystal with an average thickness of 21.7 mm,
and the composition of the flat crystal measured by EPMA is
Ni39.51Al45.25Fe15.24. Above the interface, because the heat is
flowing out of the cladding layer towards the substrate, the
dendrites are more columnar and perpendicular to the inter-
face. In the heat-affected of the substrate, because austenitic
transformation takes place at higher temperature, on a subse-
quent cooling, a martensitic structure is formed, as shown in
Fig. 2(c).
Fig. 4 shows the X-ray diffraction patterns of cladding
layers with different Y additions. When the atomic percent of
Yaddition is 1.5%, the phase constituents of the cladding layer
remain unchanged, which still consist of NiAl phase. How-
ever, when the atomic percent of Y addition exceeds 1.5%
limit, the phase constituents of the cladding layers change
obviously. Besides the NiAl phase, a Y2O3 phase in the
cladding layer with 2.5 at.% Y addition and an Al5Y3O12
phase in the cladding layer with 3.5 at.% Y addition are
observed.phs of the NieAl cladding layer.
Fig. 3. Area distributions of the elements in the NieAl cladding layer.
Fig. 4. X-ray diffraction patterns of the cladding layers with different Y
additions.
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cladding layers with different Y additions. It can be found that
all cladding layers have the morphological characteristics of
dendrites, but the sizes of the primary dendrites are decreased
and the secondary dendrites are more pronounced with the
increase in Y additions. Further, the EMPA area analysis re-
veals that no oxygen element is found in the cladding layer
with 1.5 at.% Y addition, indicating that Y effectively purifiesFig. 5. SEM micrographs of the NieAl clathe NieAl alloy. However, when the atomic percent of Y
addition exceeds 1.5%, O elements enriched at the tops of the
cladding layers are observed. As with XRD analysis, the extra
Y addition will react with O to form Y2O3 oxide at higher
temperature, even to form Al5Y3O12 oxide as Y additions are
further increased to 3.5 at.%. On a subsequent cooling process,
because of high cooling rate, it is difficult for those oxides to
fully overflow from the molten pool, some of them are finally
preserved. Those oxides enriched at the tops of the cladding
layers behave as a slag former, which will be beneficial to
inhibiting the penetration of exterior oxygen. In addition,
because the Y purifying action is beneficial to improve the
under-cooling degree of liquid phase, dendrites can be grad-
ually refined by increasing the under-cooling degree with Y
additions.3.2. Micro-hardnessFig. 6 shows the micro-hardness plots along the cross-
section of the coatings with different Y additions. There are
four plateaus corresponding to the four zones mentioned-
above in the micro-hardness plots. The hardness value de-
creases in the following order: cladding layer e bonding
zone e heat-affected zone e substrate. This trend can be
understood according to the microstructure in each zone. In
addition, it can be seen from Fig. 6 that the Y addition re-
duces the hardness value of the NieAl cladding layer due todding layers with different Y additions.
Fig. 6. Micro-hardness plots along the cross-sections of the NieAl alloy
coatings with different Y additions.
25C.S. WANG / Defence Technology 10 (2014) 22e27its inhibiting effect on the formation of the dispersed Al2O3
oxide. However, when the atomic percent of Y addition ex-
ceeds 1.5%, the decreasing trend is lightened gradually due
to refinement of grain and the enhancement of Y2O3 and
Al5Y3O12 oxides distributed at the top of the cladding layers.3.3. Tribological propertiesFig. 7 shows the influence of the Y contents on the friction
coefficients of the cladding layers. It can be seen that the Y
addition increases the friction coefficients of the cladding
layers, but the increasing degree decreases gradually with the
increase in Yadditions. Despite of the high friction coefficient,
the cladding layers with Y additions exhibit significantly
improved wear resistances in comparison with the cladding
layer without Y addition. As shown in Fig. 8(a), since some of
Al2O3 particles are scaled off under the alternating stress, and
then join the wear process as wear materials, a significantFig. 7. Influence of Y contents on friction coefficients of the NieAl cladding
layers.abrasive wear with the furrow feature occurs on the worn
surface of the cladding layer without Y addition. When 1.5
at.% Y addition is added to the cladding layer, the wear
mechanism changes obviously because the adhesiveness be-
tween the cladding layer and the wear couple increases with
the disappearance of the dispersed Al2O3 phase, and only
tearing pit induced by adhesive wear is observed (Fig. 8(b)).
However, when the atomic percent of Y addition exceeds
1.5%, because the Y2O3 oxide is distributed at the top of the
cladding layer with 2.5 at.% Y addition, and the Al5Y3O12
oxide is distributed at the top of the cladding layer with 3.5
at.% Y addition, the adhesive wear and abrasive wear mech-
anisms play their respective roles on the both cladding layers
simultaneously, and the tendency of the abrasive wear is
heightened with the increase in Y additions. However,
compared to the cladding layer without Yaddition, the furrows
on the worn surfaces of the cladding layers with 2.5 at.% and
3.5 at.% Y additions are narrow in width and shallow in depth
(Fig. 8 (c) and (d)). The wear volumes of 0, 1.5, 2.5, and 3.5
at.% Y additions are 1.20  103, 0.76  103, 0.81  103,
and 0.90  103 mm3, respectively (Fig. 9). This suggests that
the cladding layer with 1.5 at.% Y addition has the highest
wear resistance.3.4. Oxidation behaviorFig. 10 shows the continuous variable-temperature oxida-
tion kinetic curves of the cladding layers with different Y
additions. During continuous heating-up process, those clad-
ding layers experience two stages: stable oxidation and severe
oxidation. At the stable oxidation stage, the messes of the
cladding layers are approximately unchanged with tempera-
ture as a result of the formation of a surface a-Al2O3 scale
which behaves as a protective layer. However, when the
oxidation process begins to enter the severe oxidation stage,
the messes of the cladding layers increase sharply with the
increase in temperature, but the increasing trend is governed
by different Y additions. As shown in Fig. 10, the mass gains
of the cladding layers decrease sharply with the increase in Y
additions up to 1.5 vol. %, and then start to increase with the
further increase in Y additions, i.e., the cladding layer with 1.5
at.% Y addition has the lowest mass gain, while the cladding
layer without Y addition has the highest mass gain.
In order to understand the changes, the oxidation surface
morphologies of the cladding layers are observed by SEM. As
shown in Fig. 11(a), only minor scale spallations occur on the
surface of the cladding layer with 1.5 at.% Y addition. How-
ever, when the atomic percent of Y addition exceeds 1.5%,
significant scale spallations are observed, and the spalled areas
increase gradually with the increase of Y additions (Fig. 11 (b)
and (c)). As for the cladding layer without Y addition, the
spalled areas further increase (Fig. 11 (d)). This indicates that
the existences of Al2O3, Y2O3, and Al5Y3O12 oxides have
great effects on the adhesion of the scale. Further, XRD
analysis reveals that part of the NieAl phases exposed by
spallation transform into Ni3Al phase due to Al loss, but the
cladding layer with 1.5 at.% Y addition is an exception, only
Fig. 8. Worn surface micrographs of the NieAl cladding layers with different Y additions.
26 C.S. WANG / Defence Technology 10 (2014) 22e27Al2O3 and NiAl phases are found on the oxidation surface,
because the protective scale is relatively compact and full.
4. Conclusions
1) The NieAl cladding layers with different Y additions are
mainly composed of NiAl dendrites, but what changes is
that the dendrites is gradually fine with the increase of Y
additions. The atomic percent of Yaddition up to 1.5% canFig. 9. Wear volumes of the NieAl cladding layers with different Y additions.effectively prevent Al2O3 oxide from forming. However,
when the atomic percent of Y addition exceeds the 1.5%
limit, the extra Y addition will react with O to form Y2O3
oxide, even to form Al5Y3O12 oxide, depending on the
amount of Y added.
2) The Y addition in a range of 1.5e3.5 at.% reduces the
hardness and anti-attrition of NieAl cladding layer, but
improves significantly its wear and oxidation
resistances.Fig. 10. Continuous variable-temperature oxidation kinetic curves of the
NieAl cladding layers with different Y additions.
Fig. 11. The oxidation surface morphologies of the NieAl cladding layers with different Y additions.
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